Energy levels, radiative rates and lifetimes are reported for four S-like ions, namely Sc VI, V VIII, Cr IX, and Mn X. Two independent atomic structure codes, namely the general-purpose relativistic atomic structure package (grasp) and the flexible atomic code (fac), have been adopted for calculating the energy levels, with differing amounts of configuration interaction. This is mainly to make some assessment of accuracy. However, the grasp alone is used for calculating the remaining parameters. Results are reported for varying number of levels of these ions, and for calculating lifetimes contributions are included from all types of transitions, i.e. E1, E2, M1, and M2. Comparisons are made with the earlier available experimental and theoretical results and assessments of accuracy are given for each ion. Additionally, the presently reported data cover a significantly larger number of levels and transitions than already available in the literature for the four S-like ions.
whereas Sc is a key element in (particularly) understanding the Am stars [1] . This element also belongs to the group of rare earths [2] and hence is equally important for the studies of fusion plasmas, as indeed the others are, because these are often impurities in walls of fusion reactors. Therefore, for a variety of reasons, atomic data (including energy levels and oscillator strengths or radiative decay rates) are required for many ions. The need for atomic data has significantly increased with the developing ITER (international thermonuclear experimental reactor) project. Generally, some atomic data (experimental as well as theoretical) for all these elements and their ions are available in the literature, but these are not (fully) sufficient for the diagnostics and/or the modelling of plasmas. Experimental data are mostly limited to a few energy levels, and have been compiled and assessed by the NIST (National Institute of Standards and Technology)
team, and their recommendations are freely available at their website http://www.nist.gov/pml/data/asd.cfm. We discuss below the available theoretical data and the necessity for improvements and/or extension.
Since it is not possible to discuss all ions of the iron group elements in a single paper, we confine ourselves to S-like ions of Sc, V, Cr, and Mn, i.e Sc VI, V VIII, Cr IX, and Mn X. It may be noted that Ti VII has been deliberately omitted because atomic data for it have already been reported [3] . There are a few calculations available in the literature for these ions, see the NIST website for references, but the most comprehensive and accurate results are those by Froese
Fischer et al. [4] . For the calculations they have adopted their multi-configuration Hartree-Fock (MCHF) method, have included very large configuration interaction (CI), and have reported energies for about 40 levels, belonging to the 3s 2 3p 4 , 3s3p 5 and 3s 2 3p 3 3d configurations, which generate 47 levels in total. However, these levels are not the lowest in energy, because several from the other configurations, such as 3p 6 and 3s3p 4 3d, intermix and they have ignored levels of angular momentum J > 3. Similarly, they have neither reported oscillator strengths (f-values) or radiative rates (A-values) for all transitions among the calculated levels nor for the higher types, i.e. magnetic dipole (M1), electric quadrupole (E2) and magnetic quadrupole (M2). These results are also useful, apart from the dominant and most important E1 (electric dipole) type, for the further calculations of lifetimes as well as for plasma modelling. Therefore, there is a clear scope for extension of their data.
Realising the importance of Sc ions and considering the paucity of atomic data for these, Massacrier and Artru [5] performed calculations for several ions of this element, i.e. Sc III to Sc XXI. For S-like Sc VI, they considered 1889 levels which included 51 configurations with up to n = 10. For the calculations they adopted the flexible atomic code (FAC) of Gu [6] , currently available at the website https://www-amdis.iaea.org/FAC/. In comparison to the calculations of Froese Fischer et al. [4] , the one by Massacrier and Artru included much less CI, and hence there is scope for improvement, because Sc is only moderately heavy. Additionally, level designations is a big problem in the presentation of energy levels and straightforward calculations, such as by Massacrier and Artru, do not distinguish the levels from different combinations of the orbitals, and as a result the same designation is given to several levels, which makes it hard(er) for applications and comparisons. For example, the configuration 3p 6 generates only one level (i.e. 1 S 0 ), but has been listed twice by them -see levels 47 and 164 in their table 5. Although level designations cannot be uniquely resolved for all levels in a large calculation, obvious discrepancies like the one noted here can definitely be avoided. We will discuss about it more in later part of the paper.
In two recent papers [7, 8] the configuration interaction version 3 (CIV3: [9] ) and the Los Alamos National Laboratory (LANL) code, which is mainly based on the Hartree-Fock relativistic code of Cowan [10] . Unfortunately, in spite of these calculations being more recent and hence 'expected' to be at least as accurate (if not more) than the earlier ones, are highly deficient, inaccurate and unreliable for several reasons, as has been highlighted and explained by us [11, 12] . Furthermore, not only have they considered very limited CI in the calculations, the choice of configurations is arbitrary, because only those have been included for which results are available on the NIST website. As a result of this their reported levels are not the lowest in energy, and this seriously affects the further calculations of lifetimes (τ ), because contributions from the missing levels are not accounted for. Although we will elaborate on this more in later sections, the requirement for a larger, but accurate and reliable, data remains.
In our work, we employ the general-purpose relativistic atomic structure package (grasp), which is a fully relativistic code and is based on the multi-configuration Dirac-Fock (MCDF) method. The original version (referred to as GRASP0) was first published by Grant et al. [13] , but has undergone through several revisions and modifications by many workers, and the one adopted here has been modified by (one of the authors) P. H. Norrington, and is presently hosted at the website http://amdpp.phys.strath.ac.uk/UK APAP/codes.html. Compared to our earlier work on Ti VII [3] , we have considered a larger CI for the ions of present interest, but it still has its limitations because some of the configurations generate a very large number of levels. Therefore, to assess the accuracy of our calculated energies as well as the significance of additional CI, we have also performed calculations with FAC, which is not only as relativistic as GRASP is but is also very efficient in running. Furthermore, the main advantage of this code is that it can handle very large CI and generally produces data of comparable (and acceptable) accuracy, although giving specific designations to all levels is a greater problem in this.
Energy levels
The GRASP code has several options for the optimisation of orbitals, but we have used (our preferred) choice of 'extended average level' (EAL), in which a weighted (proportional to 2j+1) trace of the Hamiltonian matrix is minimised.
The contributions of Breit and quantum electrodynamic effects (QED) are also included in the code, although these are comparatively more significant for the heavier ions. Following our experience with Ti VII [3] , some further tests with a number of configurations, and keeping our computational resources (and the limitations of the code) in mind, our comparisons with other theoretical energies as well as (ii) a closer look at the mixing coefficients from different levels in our calculations. For example, levels 26 and 45 are 3p
2 in all theoretical works, but are listed in the reverse order in the NIST compilation. In our calculations with GRASP their respective mixing coefficients are 0.866 (3p
Thus there is no ambiguity in level designations and, more importantly, all our calculations with varying amount of CI provide the similar mixing and hence the designations. Therefore, we are confident of our listings. We will also like to note here that for two levels 18 ( 1 S 0 ) and 41 ). Generally, there are no significant discrepancies between our energies with GRASP and those of NIST, as the differences are within 0.1 Ryd, except for two levels, 45 (3p
, for which our energies are (slightly) higher by 0.13 Ryd. For both these levels the energies of Froese Fischer et al. [4] and El-Maaref et al. [7] match better with those of NIST and hence indicate a scope for improvement in our calculations. Indeed, our larger calculations with FAC are closer to those of NIST (and MCHF) as the differences have reduced by a factor of two. For a few levels the FAC energies are lower than with GRASP by up to a maximum of 0.05 Ryd, and are assessed to be comparatively more accurate. To conclude, we may state that there are no large discrepancies in energies for the levels of Sc VI, but the earlier available theoretical or experimental results have gaps in their listings, which we have addressed in the present work.
V VIII and Cr IX
In Tables 2-3 we list our energies from GRASP and FAC for the lowest 110 and 143 levels of V VIII and Cr IX, respectively. The criterion for choosing these number of levels is the same as for Sc VI, i.e. the cut off is implemented just before the levels of the 3s 2 2p 3 4ℓ configuration start appearing, but data for higher levels can be obtained from the , and similarly, their listed energies are not for the lowest levels as there are gaps. For the common levels the differences between the NIST and GRASP energies are insignificant, except for some higher ones for which the latter are higher by up to 0.15 Ryd. Nevertheless, the MCHF energies are comparatively closer to those of NIST, and so are ours with FAC, because of much larger CI. Overall, the comparisons and conclusions are the same as for Sc VI, i.e. there are no appreciable discrepancies, in magnitudes or orderings, for V VIII and Cr IX, but the earlier results have several gaps for which no energies are available and we have filled that in. Finally, we will like to state that for these two ions labellings for all levels are (although) unique, but may be changeable for a few (4 for V VIII and 10 for Cr IX), because the coefficient from the same eigenvector dominates in two levels. As compositions, or the authors may prefer to interchange the designations. These problems are common in any atomic structure calculation and therefore a caution needs to be exercised while making comparisons.
Mn X
For this ion too, NIST energies are available for only a few levels which are listed in Table 4 
, which is also dominant in level 38 (with a mixing coefficient of 0.72), and we have therefore designated level 39 on the basis of the second highest contribution. However for ∼15 levels there may be some ambiguity in their designations (because of the heavy mixing), as noted for the other two ions, V VIII and Cr IX.
In conclusions, we may confidently state that our energies from FAC for all levels are slightly more accurate than from GRASP, but there are no (major) discrepancies in level orderings, and our results cover a much larger number of levels than in the earlier works, and can therefore be reliably employed in any modelling application. Tables 5-8 for Sc VI, V VIII, Cr IX, and Mn X, respectively. These results have been obtained in two gauges, i.e. velocity and length or Coulomb and Babushkin, respectively, and therefore their ratio (R) has also been listed in the last columns, which gives an indication of the accuracy of the data. For strong transitions (say f > 0.1) R is generally close(r) to unity, but for the weak(er) ones with small f-values it may (sometimes) differ substantially. Additionally, for the corresponding E2, M1 and M2 transitions only the A-values are listed, because data for f-or S-values can be easily obtained using Eqs.
Radiative rates
(1-5) given in [3] . The indices used in these tables to represent the lower and upper levels of a transition correspond to those defined in Tables 1-4 for the respective ions. Furthermore, for brevity only transitions from the lowest 5 to higher excited levels are listed in Tables 5-8 , but complete data for all transitions, in the ASCII format, are being made available (online) in the electronic version of the paper.
As stated earlier in Section 1, some results are already available in the literature with which to make comparisons, and subsequently an assessment of accuracy. These are mainly by Froese Fischer et al. [4] for all S-like ions under consideration here, and by El-Maaref et al. [7, 8] for Sc VI and Mn X. Therefore, in Tables A and B we make comparisons for these two ions alone, which should be sufficient for the required purpose.
In Table A we compare our f-values from GRASP with those of Froese Fischer et al. [4] with MCHF and El-Maaref et al. [7] with CIV3 as well as LANL codes for some E1 transitions of Sc VI. Firstly, there is no agreement between the CIV3 and LANL f-values, as differences for some are up to three orders of magnitude, see for exmple transitions 1-38 and 3-39, both of which are rather strong, and hence a much better agreement is expected. On the basis of the comparisons made in Section 2 for the energy levels, their CIV3 f-values should be comparatively more accurate, but are unfortunately worse, as the agreements with the LANL f-values are more satisfactory for most transitions listed here.
Differences between the LANL and other f-values are also significant (up to a factor of four) for several transitions, such as 1-35/38/39, 2-33/34 and 3-31. Therefore, we do not assess their results to be accurate and reliable, and neither these are available for all transitions among the levels calculated by them.
In Table B 
, so we have interchanged these for comparisons. Furthermore, there is no uniformity between the two sets of results, i.e. for some transitions CIV3 f-values are larger whereas the reverse is true for LANL, and therefore, as for Sc VI, we do not assess their results to be accurate, and subsequently do not discuss these further.
We now focus on comparisons between our results with GRASP and those of Froese Fischer et al. [4] with MCHF.
For most transitions listed in Table A for Sc VI, agreements between the two calculations are highly satisfactory, and discrepancies for a few are within ∼50% -see for example, 2-41 and 3-41. This is particularly true for the strong transitions, as for a few weaker ones, the differences are up to two orders of magnitude -see 1-34 and 2-32, for both of which f ∼ 10 −3 . For weak transitions, the combined effect from different components can produce very different results because of their small magnitudes, and this depends on methods, codes, and more importantly, on CI. Such discrepancies are common among different calculations, but such transitions often do not affect the modelling of plasmas. Almost the same conclusions apply for the transitions of Mn X in Table B , although the discrepancies, if any, are within a factor of two, including the very weak ones. These comparisons and good agreements between two independent calculations with differing amounts of CI confirm, once again, that our reported results are accurate whereas those of El-Maaref et al. [7, 8] are not. Further assessments of A-values are made below in Section 4 through the calculations of lifetimes.
Another criterion to assess the accuracy of A-values is to compare R, the ratio of velocity and length forms of a transition. However, this criterion is not rigorous and is only indicative of accuracy. Nevertheless, for (almost) all strong (f ≥ 0.1) E1 transitions R is within 20% of unity, for all ions. Therefore, based on this and other comparisons discussed above, we can confidently state that our radiative data for a majority of (strong) transitions are accurate to about 20%. configuration, and therefore in Table C we make comparisons with our results. In spite of their very small magnitudes, the agreement between the two calculations is better than 20% for most transitions, and the only exception is 3-4 E2
for which the differences are up to a factor of two, and our results are invariably higher for all ions. 
Lifetimes
The lifetimes (τ j = 1.0/Σ i A ji ) are also listed in Tables 1-4 for the ions under consideration here, and the corresponding results of Froese Fischer et al. [4] are also included for ready comparisons. For most levels the contributions from E1
transitions dominate in the determination of τ , but the inclusion of other types, i.e. E2, M1 and M2, not only improves the accuracy but is also useful particularly for those levels for which the E1 do not connect -note the gaps under the MCHF listings in Tables 1-4 . Although τ is a measurable quantity, no such determinations have so far been made for the four ions under consideration. So we rely on comparisons with theoretical results. El-Maaref et al. [7, 8] have also reported τ for some levels of Sc VI and Mn X. Unfortunately, their results for Sc VI are highly inaccurate and unreliable, because discrepancies with other calculations are up to three orders of magnitude, as discussed by us [11] and also noted above in Section 3 regarding the f-values. Since their corresponding results for Mn X are comparatively more accurate, these are included in Table 4 .
For most levels of Sc VI there are no (large) discrepancies between the two calculations (GRASP and MCHF) and the differences (if any) are within ∼20%. However, for two levels (31 and 36) the discrepancies are of a factor of two.
These differences are a direct consequence of the corresponding differences in the A-values between the two calculations. is the same, i.e. ∼20%, for most levels.
Conclusions
In this paper, energies for the levels of four S-like ions (Sc VI, V VIII, Cr IX, and Mn X) are reported. For the calculations the GRASP code has been adopted with the inclusion of CI among 4498 CSFs. However, analogous calculations have also been performed with FAC by including a much (much) larger CI with up to 1 59 162 CSFs.
These calculations only marginally improve the energies, but are highly useful for accuracy assessments, because existing results are limited to only a few levels. Based on several comparisons, with available experimental and theoretical results (compiled on the NIST website for each ion but not exclusively included in the paper), as well as between our two calculations, our listed energies are assessed to be accurate to within about 1%, for most levels of all ions. For brevity, energies have been listed for only a limited number of levels, which are lowest in energies, but remaining data for higher levels can be obtained from the author on request.
Radiative rates for four types of transitions, i.e. E1, E2, M1, and M2, are also reported for all ions, whereas mostly for E1 are available in the literature so far, and that too for a limited number of transitions. Therefore, a complete set of data presented here for a larger number of levels and their transitions are expected to be highly useful for the analysis and modelling of plasmas, including astrophysical and fusion.
For the radiative rates (and other associated parameters including lifetimes) there are no (major) discrepancies between our and earlier results of Froese Fischer et al. [4] . Based on this as well the ratio of their length and velocity forms, our A-values for significantly strong transitions are assessed to be accurate to better than 20%. On the other hand, similar recent results of El-Maaref et al. [7, 8] for Sc VI and Mn X are found to be highly deficient, inaccurate and unreliable.
Appendix A. Supplementary data
Owing to space limitations, only parts of Tables 5-8 are presented here, but full tables are being made available as supplemental material in conjunction with the electronic publication of this work. Supplementary data associated with this article can be found, in the online version, at doi:nn.nnnn/j.adt.2019.nn.nnn. [4] with the mchf code CIV3: Calculations of El-Maaref et al. [7] with the civ3 code LANL: Calculations of El-Maaref et al. [7] with the lanl code Table 5 . Transition wavelengths (λ ij inÅ), radiative rates (A ji in s −1 ), oscillator strengths (f ij , dimensionless), and line strengths (S, in atomic units) for electric dipole (E1), and A ji for electric quadrupole (E2), magnetic dipole (M1), and magnetic quadrupole (M2) transitions of Sc VI. The ratio R(E1) of velocity and length forms of A-values for E1 transitions is listed in the last column.
References
i and j
The lower (i) and upper (j) levels of a transition as defined in Table 1 .
Line strength in atomic unit (a.u.), 1 a.u. = 6.460×10 −36 cm 2 esu 2 for the E1 transitions A E2 ji Radiative transition probability (in s
Ratio of velocity and length forms of A-(or f-and S-) values for the E1 transitions a±b ≡ a × 10 ±b Table 6 . Transition wavelengths (λ ij inÅ), radiative rates (A ji in s −1 ), oscillator strengths (f ij , dimensionless), and line strengths (S, in atomic units) for electric dipole (E1), and A ji for electric quadrupole (E2), magnetic dipole (M1), and magnetic quadrupole (M2) transitions of V VIII. The ratio R(E1) of velocity and length forms of A-values for E1 transitions is listed in the last column.
The lower (i) and upper (j) levels of a transition as defined in Table 2 . Table 7 . Transition wavelengths (λ ij inÅ), radiative rates (A ji in s −1 ), oscillator strengths (f ij , dimensionless), and line strengths (S, in atomic units) for electric dipole (E1), and A ji for electric quadrupole (E2), magnetic dipole (M1), and magnetic quadrupole (M2) transitions of Cr IX. The ratio R(E1) of velocity and length forms of A-values for E1 transitions is listed in the last column.
The lower (i) and upper (j) levels of a transition as defined in Table 3 . Table 8 . Transition wavelengths (λ ij inÅ), radiative rates (A ji in s −1 ), oscillator strengths (f ij , dimensionless), and line strengths (S, in atomic units) for electric dipole (E1), and A ji for electric quadrupole (E2), magnetic dipole (M1), and magnetic quadrupole (M2) transitions of Mn X. The ratio R(E1) of velocity and length forms of A-values for E1 transitions is listed in the last column.
The lower (i) and upper (j) levels of a transition as defined in Table 4 . Table 6 Transition wavelengths (λ ij inÅ), radiative rates (A ji in s −1 ), oscillator strengths (f ij , dimensionless), and line strengths (S, in atomic units) for electric dipole (E1), and A ji for E2, M1, and M2 transitions in V VIII. The last column gives R(E1), the ratio of velocity and length forms of A-values for E1 transitions. a±b ≡ a×10 ±b . See page 15 for Explanation of Tables. 
